This study was conducted to investigate the adsorption and desorption properties of arsenate [As(V)] on nano-sized iron-oxide-coated quartz (IOCQ) through batch experiments. The coating of nano-sized iron oxide on the quartz surface was performed using the heat treatment process which aimed to utilize the adsorption properties of the nano-sized iron oxide and the filtration properties of the quartz. Environmental SEM-EDAX and BET techniques were used to analyze the surface morphology, elemental composition, surface area and the porosity of the adsorbent.
INTRODUCTION
Arsenic contamination in groundwater is one of most dangerous natural occurrences of recent times. Arsenic has been found in groundwater in many parts of the world where a large number of people have been affected by various diseases caused by arsenic poisoning. Arsenic (As) is considered a highly toxic element and is abundant in our environment with both natural and anthropogenic sources (Smedley & Kinniburgh 2002) . Arsenic can be present in various forms and oxidation states in organic and inorganic compounds, in which the valences depend on the pH and redox conditions (Ferguson & Gavis 1972; Smedley & Kinniburgh 2002) . The most common forms of arsenic in water are the inorganic species arsenate [As(V)] and arsenite [As(III)]. The As(V) species are present as two oxyanions (H 2 AsO 2 4 andHAsO 22 4 ) at neutral pH, whereas the As(III) remains in the form of zero-charged species, H 3 AsO 0 3 at pH below 9.2 (Korte & Fernando 1991; Oremland & Stolz 2003) . Low redox potential is favored for As(III) formation in soil and groundwater. However, an oxidizing environment at a redox potential above 100 mV is favored for the existence of As(V) (Korte & Fernando 1991) . Nickson et al. (1998) reported that as many as million water wells drilled into Ganges alluvial deposits in Bangladesh and India (West Bengal) may be contaminated with arsenic. Arsenic contamination level in groundwater in many parts of the world has aroused attention due to its doi: 10.2166/wst.2010.288 much higher concentrations than that of the World Health Organization's (WHO) drinking water standard. This situation has become more serious in Bangladesh, India (West Bengal) , and Nepal in the Indo region as a result of resource pressures from growing populations as well as surface water contamination (Smedley & Kinniburgh 2002; Kanel et al. 2005) .
Many studies have revealed that arsenic in groundwater, even at trace levels, has proven to be harmful to human health and the environment. Hence, the remediation of arsenic from drinking water is imperative to save people from its harmful effects. A number of technologies have been developed for the removal of arsenic from drinking water based on various methods, namely, oxidation, coagulation, precipitation, ion exchange, adsorption and reverse osmosis. A wide range of adsorbents have been used for removing arsenic from water and wastewater and have been reviewed by Maity et al. (2005) . The current technologies have been scaled down the contamination level but
have not yet met the requirements of households and rural communities. Hence, it is highly desirable to further improve the efficiency of current technologies for arsenic remediation that are environmentally sustainable and economically affordable. Iron oxide has been applied to adsorb arsenic and heavy metals from water. An adsorption technique is better capable of removing heavy metals over a wide pH range, even in low concentrations than precipitation technique (Benjamin & Leckie 1981; Edwards & Benjamin 1989; Schwertmann & Taylor 1989; Benjamin et al. 1996; Katsoyiannis & Zoubolis 2002; Zeng 2003; Maji et al. 2007; Mohan & Pittman 2007; Banerjee et al. 2008) .
Hydrous ferric oxide (HFO) has been extensively studied as a promising adsorption material for removing both arsenate and arsenite from aqueous media because of its high isoelectric point (IEP ¼ 8.1) (Dixit & Hering 2003) and selectivity for arsenic species. Kanel et al. (2006) studied the removal of As(V) from groundwater using nano-scaled zero-valent iron (NZVI). The results showed that almost 100% As(V) removal was achieved in 10 min of adsorption reaction. However, iron oxides are usually made as suspensions in aqueous solution and are available only as fine powders. It is not suitable to use these fine powders in column applications because of their low hydraulic conductivity (Theis et al. 1992; Zeng 2003) .
In the past, coating of iron oxide on sand and other mineral surface have been developed to overcome the problem of utilizing iron oxide powders in water and wastewater treatment (Edwards & Benjamin 1989; Bailey et al. 1992; Lai et al. 1994; Lo et al. 1997; Lai et al. 2000; Katsoyiannis & Zouboulis 2002; . It is considered that iron oxide-coated sand filtration is an emerging technology for arsenic removal, but there is only limited information on adsorption mechanism.
There is also a need to better understand how different coating procedures affect arsenic removal and retention of the coating. Hence, it is necessary to examine the efficiency of iron-oxide-coated quartz (IOCQ) for arsenate and arsenite removal. In this study, batch experiments were conducted to investigate the capacity of adsorption of As(V) onto IOCQ. This study also examined the coating technology of nano-sized iron oxide on the quartz to efficiently remove arsenic from drinking water. The coating of nano-sized iron oxide on the quartz surface was performed using heat treatment process to utilize the adsorption properties of the nano-sized iron oxide and the filtration properties of the quartz. The main objectives were to (i) characterize IOCQ and its reaction phenomena with arsenate using environmental SEM-EDAX and BET analyses, (ii) determine the reaction rate and As adsorption efficiency by IOCQ, and (iii) the regeneration capability of the adsorbent with acid solution. Currently various reagents were used to extract arsenic species from the loaded surface as potential eluants; these are: mineral acids (e.g. sulphuric, hydrochloric, nitric, phosphoric), bases (e.g. sodium hydroxide, potassium hydroxide), salts (e.g. calcium chloride, sodium nitrate, sodium carbonate) as well as various mixtures of them (Hu & Reeves 1997) . In this study, desorption experiments were carried out employing the same adsorption conditions by using HCl solution at pH 1 and 3 as eluant with a reaction time lasting for a maximum of 24 hours. Samples were then collected at definite intervals of time.
MATERIALS AND METHODS

Chemicals and coating process
Analytical method
The concentrations of As(V) in the experiment were determined by Millennium Excalibur Fluorescence Atomic Analyzer (PS Analytical Ltd., Kent, UK) with the detection limit of 0.2 mg/L. The experimental error for As(V) analysis was less than 2%. All chemicals used were of analytical grade reagents. The standard solutions of As(V) were prepared by dissolving Na 2 HAsO 4 ·7H 2 O in deionized water.
Characterization of solid surfaces
The particle size of the synthesized iron oxide was determined by the Bruker D8 Advance X-ray diffraction equations were used to determine the surface area and the volumes of the micropores, respectively (Teng et al. 1996) .
Freezing dryer was used to dry the solid adsorbents for ESEM and BET analyses.
Sorption isotherm study
The equilibrium adsorption isotherm is fundamentally important to evaluate the adsorption capacity of IOCQ adsorbent for As(V), and to investigate the characteristics of adsorption. The Langmuir equation was used to estimate the maximum adsorption capacity corresponding to complete monolayer coverage on the adsorbent surface, the isotherm constant and regression coefficients of the adsorption experimental results. The Langmuir sorption isotherm equation is given as follows:
where q e (mg/g) is the adsorbed amount of arsenic by IOCQ, q m is the maximum adsorbed amount, K is the Langmuir isotherm constant related to binding energy, and C e is the equilibrium concentration (mg/L).
The linear form of Equation (1) can be written as:
where q m and K can be calculated from the intercept and slope of the linear plot with C e /q e vs. C e . All the experiments were carried out in triplicate to check the reproducibility.
RESULTS AND DISCUSSION
Characterization of IOCQ and IOCQ-As(V) products
The crystal structure and particle size of the synthesized iron oxide were determined by X-ray diffraction analysis (XRD) (Figure 1 ). From the XRD pattern, it is observed that the iron oxide has a hematite structure with a pure polycrystalline phase. The Scherr's equation was used to estimate the particle size of the iron oxide, which can be written as: (Figure 1 could be placed here)
where D is the particle size in nm, l is the wavelength of X-ray, b is the full width at the half maximum (FWHM) and u is the diffraction angle. The sizes of crystals of the iron oxide used in the study are in the range from 11.78 to 45.95 nm (Table 1) . ESEM images were taken at 10,000 £ magnifications for the solid samples of quartz (Figure 2 signals were present in IOCQ (Figure 3(a) ), whereas Fe, Si, As(V) and O signals were found in As(V)-adsorbed IOCQ (Figure 3(b) ). Na þ was not adsorbed on the IOCQ surface, which is in agreement with the previous adsorption study by Lai et al. (2000) . Thus EDAX analysis indicates that the adsorbent was specifically used to adsorb As(V) from water.
Specific surface areas and micropore volumes of the samples were determined using BET analysis. The result of specific surface areas of quartz and IOCQ adsorbent before and after the adsorption experiments revealed that the pore volume of quartz increased from 0.21 to 0.63 mm 3 /g (Table 2 ) with the coating of iron oxide on the surface but decreased from 0.63 to 0.2 mm 3 /g after the As(V) adsorption reaction. Therefore, As(V) was adsorbed on the surface of IOCQ and reduced the pore volume of IOCQ.
The BET analytical results also indicate that micropores of IOCQ were occupied by arsenic which decreased in the surface areas from 0.65 to 0.43 m 2 /g quartz. The average pore diameters of quartz, IOCQ and the As(V)-adsorbed IOCQ were 20, 39 and 19Å , respectively ( Table 2 ). The results indicate that the pore diameter increased with the thermal coating process and decreased with arsenic adsorption on the surfaces. Table 3 . With the increase in the initial concentrations of As(V) from 0.2 to 1.5 mg/L, the adsorbed amounts increased from 9.98 mg/g (99.78%) to 74.17 mg/g (98.89%), respectively (Table 4 ). The available sites of adsorption became fewer with increasing initial As(V) concentration and hence, the adsorption percentage depended on the initial concentration. Table 3 shows the results of adsorption capacity. The experiment was run for seven different initial As(V) concentrations between pH 5.5 to 6.5 at 308C and 0.01 M NaCl solution was used as adjusting ionic species. The experimental results of the adsorbed amount of As(V) and equilibrium concentration of As(V) in solution are illustrated in Table 3 . A linear plots of C e vs. C e /q e ( Figure 5(a) ) and a nonlinear plots C e vs. q e (Figure 5(b) ) show that the maximum adsorption capacity (q e ) and equilibrium adsorption constant (K) estimated from the Langmuir adsorption isotherm were 0.097 mg/g and 205.79 L/mg-As(V), respectively. The Langmuir adsorption isotherm for As(V) was characterized by strong adsorption bonding energy as indicated by the constant, K, which is a typical characteristic of monolayer adsorption (Mohapatra et al. 2007 ). This is further supported by a low q m value, which indicates that the adsorption process is a monolayer. The Langmuir equation is expected to be applicable to a homogeneous surface. The experimental data fitted the Langmuir model very well reflecting the monolayer adsorption ( Juang & Swei 1996) .
Arsenic adsorption
Adsorption isotherm
ESEM-EDAX mapping
The elemental distribution of As(V) adsorbed on IOCQ was analyzed using the mapping analysis of EDAX. Chemisorption is always confined to a single atomic or molecular layer, whereas the physical adsorption forms monolayer at lower pressures and multilayer at higher relative pressures (Gregg 1961) . This study was conducted at atmospheric pressure, and thus, there was a little possibility for multilayer adsorption. The studies from ESEM-EDAX and of adsorption isotherms indicate that chemisorption occurred between As(V) and IOCQ surfaces.
Comparison with other adsorbents
The maximum adsorption capacity of arsenate was compared to the adsorption capacities reported by others for iron oxide-coated adsorbents (Table 5 ). It is noted that the capacity of the IOCQ adsorbent of this study is much higher than those reported of adsorbents, iron oxide-coated sand, Al 2 O 3 /Fe(OH) 3 and iron-coated zeolite (Table 5 ).
In comparison to the adsorbent of nano-scaled zero valent iron (NZVI), the IOCQ is able to more efficiently remove arsenate from water and has the higher hydraulic conductivity (Theis et al. 1992; Zeng 2003) . Jeon et al. (2009) reported that As(V) was completely removed within 30 min at an initial concentration of 2.0 mg/L with 100 g/L of iron oxide-coated zeolite (ICZ). The results of this study show that the removal efficiency of the IOCQ adsorbent was Benjamin et al. (1996) with some modifications (Benjamin et al. 1996) .
comparatively higher than that of ICZ, as the adsorbent dose of IOCQ was 20 g/L. Although the adsorption capacity of arsenate on IOCQ is to some extent, lower than that of ICZ, the main advantages are the substantially low cost, availability of the materials (i.e. quartz is more available and cheaper than zeolite) and its economic feasibility.
Arsenate desorption
For any adsorption process, the most important factors are the reversibility and the regeneration capacity of the adsorbent. Desorption studies of the adsorbed As(V) were carried out by shaking the As(V)-treated adsorbent with 50 mL HCl solution of two different pH levels, at 1 and 3 for a period of 24 h. A comparison of the value with those observed in the initial sorption step was used to estimate the percentage of recoveries. Figure 7 shows that desorption amount decreased with increasing the pH. About 98% and 70% As(V) concentrations were removed from the adsorbed surface after 12 hours of reaction with acid at pH 1 and 3, respectively. Thus strong acid was more capable to act as an efficient eluant, but also destroy the coated surface. Therefore mild acid solution would be preferable using in a regeneration step. Theis et al. (1992) reported that the slower desorption rate of cadmium from goethite suggested the reaction mechanism involved chemical reactivity. The results of this study show a slower desorption rate, and thus the present evidence indicates that chemical bonding was formed between arsenic ions and the coated surfaces.
The eluant pH was found to be an important factor for regenerating the IOCQ adsorbent. Further study with other suitable eluants will be considered in the future.
CONCLUSIONS
This study provided information on the surface morphology, surface area and porosity of the coated adsorbent (IOCQ).
BET results can be attributed to the coated adsorbent IOCQ have had micropores and higher specific surface areas.
ESEM-EDAX analyses revealed that the arsenate can be adsorbed onto iron-oxide-coated quartz. The results of EDAX analysis indicate that arsenic ions were chemisorbed onto the surface of IOCQ. The extent of removal of As(V) was 95-99.9% within 2-5 minutes adsorption reaction.
This study showed that the adsorption rate of As(V) ion was very rapid and reached the equilibrium within 5 minutes.
About 100% of As(V) removal was achieved in less than 5 minutes, from the samples containing an initial As concentration to 1.0 mg/L. The equilibrium adsorption isotherm data fitted well with the Langmuir model. The maximum adsorption capacity of arsenate on IOCQ was 0.097 mg/g IOCQ, indicating that the nano-sized iron oxide-coated adsorbent has potential to remove arsenic from drinking water. The desorption rate of As(V)-IOCQ was comparatively slower than its adsorption rate. About 90% desorption of As(V) was achieved within 60 min. This indicates that chemical bonding developed between the arsenic species with the adsorbent surfaces. In future, column studies will be conducted to investigate the removal of both As(III) and As(V) from tap water and contaminated groundwater. 
